R eceptor potentials recorded from outer hair cells (o h c ) and inner hair cells (m e) in the basal highfrequency tu rn were com pared. T he dc com ponent of the ih c receptor potential is m axim ized to ensure th at ih cs can signal a voltage response to high-frequency tones. T he o h c dc com ponent is m inim ized so th at o hcs transduce in the most sensitive region of their operating range. T h e phase and m agnitude of o h c receptor potentials were recorded as an indicator of the m agnitude and phase of the energy which is fed back to the basilar m em brane to provide the basis for the sharp tuning and fine sensitivity of the cochlea to tones. IH C receptor potentials were recorded to assess the net effect of the feedback on the m echanics of the cochlea. It was concluded th at o h cs generate feedback which enhances the ih c responses only at the best frequency. At frequencies below c f , ih c dc responses are elicited only w hen the o h c a c responses begin to saturate.
INTRO DUCTIO N
T h e function of hearing in m an is subserved in each cochlea by a single row of 3500 inner h air cells (ih c s ) and 12 0 0 0 outer h air cells (o h c s ) arranged in three rows. IH C s form synapses with the vast m ajority of afferent fibres in the auditory nerve whereas the ohcs have been described as the end organs of the efferent system (Davis 1983) . T he rows run parallel to the long axis o f the spiral coil of the basilar m em brane and the hair cells and their innervation are distributed tonotopically prim arily as a consequence of the basilar m em b ran e's m echanical tuning properties (see Evans, this symposium; R uggero et al., this sym posium ) . Lowfrequency h air cells are located at the apex of the cochlea and high-frequency h air cells are located in the basal turn. H air cells are excited through displace m ents of the stereocilia bundle and the m echanosensitive channels are gated when the stereocilia are displaced tow ards the tallest row (H udspeth & Corey 1977; Russell et al. 1986) . T he precise way in which the stereocilia of cochlear hair cells become displaced is not known b ut it is believed to occur as a consequence of shear displacem ents between the tectorial m em brane and the basilar m em brane which are the two principal structural com ponents of the cochlear partition (Davis 1965) . T he rows of stereoci lia of the ohcs in the m am m alian cochlea are attached by their tips to the tectorial m em brane and thus m echanically link the tectorial and basilar m em branes. As a consequence of their strategic location in the cochlear partition, o hcs play an essential role in the frequency tuning and sensitivity of the cochlea. After selective dam age to the o h c s , the electrophysiological and m echanical responses of the cochlea to acoustic stim ulation becom e insensitive, linear and broadly tuned (L iberm an & D odds 1984; Brown et al. 1989) . This finding, together w ith the m easurem ent of acoustic emissions from the cochlea (K em p 1978) and the discovery th at isolated o h cs are capable of rapid voltage-dependent m otility (Brownell et al. 1985; Ashm ore 1987) , has led to the proposal th at o hcs have an interactive role in sensory transduction in the cochlea (see Dallos (1988) for a review). M ore specifically, it has been suggested th at o hcs feedback energy which overcomes viscous dam ping of the cochlear p ard o n and provides the sharp frequency tuning of the cochlear responses (see, for example, Weiss (1982) ; Davis (1983) ; Neely & Kim (1983) ).
It m ight be expected th a t the effectiveness of the proposed feedback depends on the m echanical prop er ties of the basilar and tectorial m em branes and on the gain and phase of the feedback process which has been associated with the o h c transducer. If, at low and m oderate sound levels, o hcs operate in a true electro m otor feedback loop then they will contribute to their own voltage responses and hence to the m echanical responses of the cochlear partition. For high levels of the acoustic stimulus the o h c transducer is saturated and the m echanical responses of the basilar m em brane and the voltage responses of the ohcs are governed by the passive m echanical properties of the basilar m em brane (Patuzzi et al. 1989; Zwislocki 1986 ). Thus, differences in the m agnitude and phase of o h c voltage responses to tones at low and high levels should provide an indicadon of the m agnitude and phase of the o h c feedback relative to the passive m echanical properties of the basilar m em brane. A com parison between o h c and ih c responses from the same region of the cochlea should provide inform ation about the relationship between o h c feedback and the net m echanical response of the cochlear partition which is reflected in the ih c dc receptor potentials (Russell & Sellick 1978) . T o this end, m easurem ents were m ade from hair cells in the basal, high-frequency turn of the guinea-pig cochlea to tones w ithin an octave of the cf of the hair cells (15) (16) (17) (18) (19) in an attem p t to understand how electrom echanical feedback contri butes to the tuning of the cochlea. Before dealing with the question of frequency tuning in the cochlea, attention is draw n to the functional significance of the differences in the tone-evoked voltage responses of basal turn ih cs and o h c s .
IHC DC RESPONSES ARE MAXIMIZED
T he resting potentials of ih cs recorded in situ are about -45 m V (Russell & Sellick 1978j Dallos 1986 and the relationship betw een the peak ih c voltage response to low-frequency tones and peak sound pressure (figure 1 a, the transducer function) is a typical asym m etrical S-shaped curve which can be fitted by pairs of hyperbolic tan g en t functions (Russell & Sellick 1983; Dallos 1986; Russell & Kossl 1991 w ith which they form synapses. At a resting potential of -45 m V, the v o ltage-dependent calcium conduc tance o f the ih c basolateral m em branes will be activated (C raw ford & K ros 1990) and it is probable th at calcium influx close to the presynaptic m em brane of the ih c is instrum ental in causing the spontaneous release of tran sm itter at the afferent synapses of the two spontaneously active classes of the three classes of afferent fibres which have so far been identified in the aud ito ry nerve (W inter et al. 1990 ). T h e relatively depolarized ih c resting potential and spontaneous release of afferent tran sm itter ensure th a t the voltage responses o f the ih cs are transm itted to the hind brain with m axim um sensitivity through the m odulation of a sustained level of tran sm itter and th a t a voltage threshold does not have to be exceeded before the afferent fibres are excited. T h e neural signalling of ih c voltage responses through the m odulation of a sus tained release of afferent synaptic tran sm itter provides the o p p o rtu n ity to signal negative as well as positive changes in sound pressure at levels close to the threshold of hearing for frequencies below ab o u t 1 kHz. H ence, at these levels afferent fibres can signal both rarefaction and com pression in sound pressure (Palm er & Russell 1986 ). T h e asym m etrical transfer function provides the basis of the ih c dc receptor potential and the m eans to signal responses to highfrequency tones (Russell & Sellick 1978) . T he tran s ducer function is shaped by the gating characteristics of the tran sd u cer channel which, for cochlear h air cells, can be m odelled as a three state process w ith one displacement / nm open and two closed states (Kros et al. 1991) , and the voltage-and ion-dependent conductances of the baso lateral channels (Kros & C raw ford 1990; Dallos & C h eath am 1991). At rest, about 10% of the tran s ducer conductance is open (Russell & Kossl 1991) and it is likely th at the proportion of channels open at rest is governed by the concentration of intracellular free calcium (C raw ford et al. 1991). For frequencies above ab o u t 600 Hz, the ac recep tor potential is atten u a te d by the low pass electrical characteristics of the hair cell so th a t the principal voltage responses of ih cs in the basal turn to tones at cf is the dc receptor potential (Russell & Sellick 1978; 1983) . If the ih c afferent synapse is conventional, then tran sm itter release is prim arily controlled by changes in presynaptic potential. This suggestion is supported by the close correspondence betw een phase-locking in the auditory nerve and the cut-off frequency of the ih c m em brane tim e constant (P alm er ). For frequencies above the cut-off frequency, phase locking declines according to the m em brane time constant. H ow ever, for frequencies above about 3 kHz phase-locking is also lim ited by transm ission at the afferent synapse (Weiss & Rose 1988) , possibly due to limits w hich include those set by the speed of the calcium influx, tran sm itter m obilization and release, the kinetics of the post synaptic ligand gated channel and the spike generator.
OHC DC VOLTAGE RESPONSES ARE MINIMIZED
T he voltage responses of o hcs in the basal tu rn of the guinea pig cochlea to tones close to their cf are rem arkable for their small size C ody & Russell 1987) . At the threshold for neural excitation the m agnitude of o h c voltage responses at cf are about 30 pV com pared with 800 pV for ih cs (Russell & Sellick 1983; Sellick et al. 1983; Cody & Russell 1987; Russell & Kossl 1992a, b) . T he small size of the o h c voltage responses m ay be attrib u ted to the alm ost sym m etrical transducer function and the m em brane tim e constant which attenuates voltage signals at frequencies above about 1 kHz (Dallos 1984; Cody & Russell 1987) . T he sym m etry of the o h c transducer function at the cf can only by presum ed from the absence of a DC voltage response to tones. At frequencies well below the cut-off of the m em brane time constant, the o h c transducer function is m uch m ore sym m etrical than the ih c transducer function but level dependent (figure 1 d\ Russell et al. 1986; Cody & Russell 1987) . For low-level stimuli, ohcs generate predom inantly hyperpolarizing responses, alm ost sym m etrical responses to tones around 85 dB spl and depolarizing responses at levels above this ( figure 1   c ,d) . O H C s in the apical turn of the guineapig cochlea exhibit sim ilar level-dependent voltage responses to tones (Dallos et al. 1982) and very recently these level-dependent tone-evoked voltage responses have been com pared with level-dependent length changes in isolated ohcs caused by transcellular current stim ulation (Evans et al. 1988) . T he am plitude and polarity of the length change varies as Phil. Trans. R. Soc. Lond. B (1992) a function of current strength in a way analogous to the level dependency of tone-evoked voltage responses.
In neonatal mouse o hcs the steepest and hence most sensitive region of the transducer function is reached at about 20 nm displacem ent of the stereocilia in the excitatory direction (figure 2). This position corresponds to the operating point vivo where the dc com ponent of the receptor potential is at a m inim um and the response is sym m etrical. This feature of o h c transduction and the relatively hyperpolarized o h c resting m em brane potential ensures m axim um current flow through the transducer channels for a given displacem ent. T hus in contrast to the response ch arac teristics of ih cs which are set to m axim ize the dc receptor potential and hence ensure a voltage response to a high-frequency tone, operating characteristics of o hcs ensure th at o h c s operate in a most sensitive region of their operating range at the expense of not generating substantial voltage responses to tones at the cf and perhaps the opportunity to com m unicate these responses to the central nervous system.
T he m echanism responsible for controlling the o perating point of o hcs in the basal region of the cochlea is not known. O H C receptor potentials (R us sell et al. 1986 ) and receptor currents (Kros el al. 1991) in the organ culture of the mouse cochlea and in the apical turns of the guinea-pig cochlea (Dallos al. 1982) are asym m etrical w ith a substantial dc com po nent. It is possible th a t the hair bundle is biassed through interaction with the tectorial m em brane so th at at rest about 50% of the transducer conductance is open Russell & Kossl 1991) . Phil. Trans. R. Soc. Lond. B (1992) [ 26 ]
PHASE AND MAGNITUDE OF IHC AND OHC RECEPTOR POTENTIALS
on December 18, 2017 http://rstb.royalsocietypublishing.org/ Downloaded from the phase of the a c com ponent is alm ost independent o f level. W hen the level exceeds about 70 dB s p l , the phase slightly, but m easurably, lags the low-level response by a few degrees (e.g. up to -45°, see figure  3 , 12 kHz) w hen the level of the tone exceeds abo ut 70 dB s pl and the o h c ac com ponent (and hence feedback to the cochlear p artition) begins to saturate. For frequencies below the c f , it is only w hen the o h c ac responses begin to satu ra te th a t the neighbouring ih cs generate dc responses to the high-frequency tones (com pare figures 3 and 4). For frequencies betw een one h alf of an octave below cf and c f , the phase of the o h c ac response suddenly jum ps 180° and the m agni tude o f the ac response increases steeply in am plitude with increasing level w hen the level of the tone exceeds ab o u t 90 dB spl (figure 2, 12 kHz; figure 4, 13 kH z). T h e phase reversal of the o h c ac response at very high levels of stim ulation m ay indicate th at a m echanical change has taken place in the cochlear partitio n . W ith respect to this, it has been proposed th at the phase of excitation of o hcs is determ ined by the relationship betw een the rotational stiffness of the o h c stereocilia and the transverse stiffness of the tectorial m em brane (Zwislocki 1986; . A change in the relative values of these stiffnesses during stim ulation w ith high-intensity tones could switch the phase of excitatory displacem ent of the o h c stereocilia from basilar m em brane displacem ents tow ards scala tym pani to displacem ents tow ards scala m edia (M o untain & C ody 1988) .
At the c f , the detection threshold of the o h c ac response and ih c dc response and the initial slopes of the response-level functions are sim ilar (figures 3 and 4). At sound levels around 60 dB spl the ac signal begins to phase lead, am ounting to approxim ately 90° at 70 dB s p l . W ithin the sam e range of levels, the o h c dc potentials first ap p e ar and the slope of the ih c dc response-level function becomes m ore shallow. T he interp retatio n th at has been p u t on these findings is th at for low-level cf tones, the vibration of the basilar m em brane in a sensitive cochlea phase-lags by 90° passive basilar m em brane vibration w ithout feedback from the o h c s . T hus ih cs are excited w hen the phase of the o h c ac response corresponds to basilar m em brane velocity. W ith increasing levels of the tone, the relative contribution of the feedback from the o hcs is reduced with a corresponding progressive decrease in the phase lag of the basilar m em brane m otion. W hen the phase of the o h c feedback and presum ably the effectiveness of the feedback in driving the basilar m em brane is reduced, the slopes of the ih c dc response-level functions are also reduced. For fre quencies below cf (e.g. figure 2 , 12 kHz and 14 kHz; figure 4, 13 kHz) the phase of the low level ac response leads the high-level response which is oppo site to the situation at the c f . At frequencies below the cf and at levels where the relative contribution of the o h c responses to basilar m em brane vibration should be at a m axim um , o h c feedback to the cochlear partition is not effective in exciting the ih c s . In fact it m ay even prevent excitation because the ih c dc response appears only when the o h c ac response begins to saturate and the phase of o h c excitation approaches th a t of the passive basilar m em brane. T h e observations presented above are in accordance with a m odel of frequency tuning in which o hcs contrib u te negative feedback to the cochlear partition which is reversed through a frequency-dependent phase delay (e.g. a low-pass filter) to becom e positive feedback at the cf (M ountain el al. 1983 ). T h a t is electrom otor feedback from the o h c s opposes basilar m em brane displacem ent at frequencies aw ay from the c f , but augm ents basilar m em brane velocity at the c f .
THE EFFECT OF LOW-FREQUENCY TONES ON HAIR CELL HIGH-FREQUENCY RESPONSES
It has been proposed th at by m inim izing the dc com ponent of the receptor potential, o hcs optim ize electrom echanical feedback by keeping the operating point in the steepest p art of the transducer function (Russell el al. 1986; Russell & Kossl 1991) . Any d isturbance o f the o h c transducer function aw ay from this operating point should result in a decrease in sensitivity of cochlear responses, particularly at fre quencies close to the c f . Decreases in frequency tuning, particularly at the cf have indeed been m easured in the responses of hair cells, as a result of the m odulation of the responses to high-frequency tones by low -frequency tones (Patuzzi & Sellick 1984) .
o h c a c responses to tones at frequencies below cf are suppressed by sim ultaneously presented 80 dB spl 100 Hz tones. Suppression is not associated with a phase change in the ac response and suppression of the high-frequency response disappears when the level of the high-frequency tone exceeds about 70 dB spl and the ac response begins to satu rate (figure 4). At these frequencies, ih c dc receptor potentials are not suppressed by the 100 Hz tone because they do not ap p ear until the o h c ac response has begun to satu rate and is no longer inhibited by the 100 Hz tone. At the c f , o h c responses are suppressed by the 100 Hz tone at levels below about 70 dB s p l . Suppres sion of the o h c a c response at the cf is associated with a phase lead of about 90° (figure 4) and by suppres sion of the dc response in neighbouring ih c s . It is suggested th at these observations support the idea th at ohcs feedback energy to the cochlea partition at the cf at a phase which would correspond to the velocity of the basilar m em brane w ithout feedback. Suppres sion of the o h c ac response at cf at levels below about 70 dB spl causes a change in the phase of excitation of the o h c ac response so th at it now corresponds to the displacem ent of the basilar m em brane w ithout feed back and is associated with suppression of the ih c dc .response. T he m agnitude of the ac response is corrected by 6 dB per octave from 4 kH z to com pensate for the low-pass filtering due to the recording system. From Russell & Kossl (1992a) .
HAIR CELL ISORESPONSE TUNING CURVES
potential is an indicator of the net effect of this feedback on the m echanics of the cochlear partition. F u rtherm ore it has been proposed th a t o h c feedback reverses from negative feedback at frequencies below the cf to positive feedback at the cf (M ountain et al. 1983) . T hus, it m ight be expected th at the isoresponse frequency tuning curves of ih cs and o h c m ay differ from each o ther and from isoresponse tuning curves of the basilar m em brane m echanics. O n the basis of intracellular recordings from adjacent ih cs and oh cs w ithout a m easurable change in cochlear sensitivity between and following the recordings, the c h a rac te r istics of ih c and o h c isoresponse tuning curves are very sim ilar in the tip region Cody & Russell 1987; Kossl & Russell 1992 ) (figure 5). T h e bandw idth of the tuning curve, m easured 10 dB from the tip ((^io dB) and high and low frequency slopes are sim ilar to those which have been m easured in prim ary afferent fibres and the basilar m em brane in the basal turn of the guinea-pig cochlea (Sellick et al. 1982 N uttall et al. 1991) . In all respects, the tuning curves of ih cs and nerve fibres are alm ost identical which m ay indicate th at synaptic transm ission across the ih c afferent synapse is frequency independent, at least for frequencies above a few kHz. How ever, ih c and o h c tuning curves are dissim ilar in th a t the difference between the tip and the low frequency 'tail' of o h c tuning curves is ab o u t 15 dB less than th at of ih c and neural tuning curves. This property reflects the finding that, for frequencies on the low-frequency tail of the tuning curve, ih c dc receptor potentials are not generated until the o h c ac responses begin to saturate. In this respect o h c tuning curves resem ble isodisplacem ent tuning curves of the basilar m em brane (figure 5) w here it has been observed th a t the sharp transition betw een the tip and the low fre quency tail, which characterizes ih c an d neural tuning curves, is absent . It rem ains to be seen if the intro d u ctio n of m ore sensitive laser D oppler velocim etry and optical techniques will result in basilar m em brane isoam plitude tu n in g curves which m ore closely resem ble neural tu n in g curves. T he lim ited d a ta which is currently available does not resolve this issue (N uttall al. 1991) . It should be pointed out th at differences exist betw een laboratories and species in the m easurem ent of basilar m em brane m echanics which have been discussed elsewhere R uggero et al. 1986; R uggero & Rich 1991) . For exam ple, there is good agreem ent between isodisplacem ent basilar m em brane tu n in g curves and neural tuning curves in the 7-10 kHz region of the chinchilla cochlea ).
O n the basis of the available evidence to d ate it is suggested th at in the guinea-pig cochlea the o h c tuning curves closely reflect iso-displacem ent tuning curves of the basilar m em brane and th a t ih c and neural tuning curve reflect the net radial shear displacem ent betw een the basilar m em brane and tectorial m em brane.
CONCLUSION
T here is increasing evidence from a wide variety of sources to show th a t cochlear sensitivity and tuning both depend on feedback from o h c s . It is clear th at the phase of feedback relative to the passive m otion of the basilar m em brane is of crucial im portance for the feedback to be effective. W h at is not clear is how the phase of the feedback is determ ined or indeed w hat is the source of the feedback. At present there are two candidates for the feedback process. O ne of these is the fast electrom otile process w hich some argue m ay not be fast enough or large enough at high frequencies to provide the feedback (Santos-Sacchi 1989 H u dspeth 1990; Dallos 1991) . T h e other is a proposed voltage or displacem ent dependent stiffness change in the h air bundle itself (see Dallos 1991) . Tim e, as they say, will tell.
